Cadmium is one of the most toxic elements in the environment. Soil pollution by cadmium has an important influence not only on the yield and quality of crops, but also on the quality of air and water environment, and even on the health of humans via the food chain. Thus to protect human health, the concentration of contaminants in food products must be controlled. In many countries, maximum permissible concentrations (MPC) of Cd in foods have been set up by the national health authorities (Mench 1998) . Reducing metal inputs into agrosystems or decreasing the availability of metals in soils may result in a decrease of the amounts of metals in food products. Presently, a large number of related studies has been carried out and methods including physical removal, chemical immobility, and phyto-remediation of soils polluted by cadmium have also been evaluated (Chlopecka et al. 1996; Chlopecka and Adriano 1997; Lin et al. 1998; Asami 2000) .
Among the remediation methods, chemical immobili- zation of cadmium (or other metals) in soils by alkaline materials is an in situ, low-cost, and easy method. Liming, which can increase soil pH, was considered to be the primary management tool to minimize cadmium accumulation by field crops (Krebs et al. 1998). For example, Matsumura and Yamada (1976) reported that the cadmium content in brown rice grown in eight polluted soils decreased from 0.99 to 0.33 mg kg-Ion the average when the soil pH increased to more than 7.0 by the application of limestone. However, the effects of liming on the decrease of the cadmium content in plants are still being debated. Hashimoto and his coworker (Hashimoto and Nano 1976) found that the cadmium content in brown rice grown in soils with high cadmium levels did not obviously decrease and sometimes even increase by liming. As for the content of soil-available cadmium, a long-term experiment also showed that the amount of 0.1 M HCl-extracted soil cadmium increased from 40 to 46%, though the soil pH increased from 6.4 to 7.9 by the CaC0 3 treatment (Mench 1998) . It has been reported that porous hydrated calcium silicate (PS), which is the industrial waste of autoclaved lightweight concrete and is widely used as a kind of silicon fertilizer in rice production in Japan (Saigusa et al. 2000) , is also very effective in decreasing the cadmium content in brown rice (Hasegawa et al. 1995) . The purpose of the present experiments was to study the effect of PS on the sorption and desorption of cadmium from paddy soils.
MATERIALS AND METHODS
Soil preparation. Samples of an Andosol and an Alluvial soil were collected from the 0 to 20 cm depth of paddy fields, which were located at Kawatabi and Furukawa, Miyagi Prefecture, Japan, respectively. The pH, clay content, and carbon content of the Andosol were 5.68, 198 g kg-I, and 59.2 g kg-I, respectively and those of the Alluvial soil were 5.31, 87.4 g kg-I, and <10 g kg-I, respectively. Nine hundred grams of soils (triplicates) mixed with 2.8 g of compound fertilizers (14-20-14) and a certain amount of PS with pH 10.1, were put into alL plastic pot and flooded. To obtain the same conditions as those of paddy field, three rice seedlings were transplanted into each pot and incubated for 2 months. The percentages of PS used in this experiment were 0, 0.5, and 2.0%, respectively. Soils were flooded throughout the incubation. After 2 months of incubation, rice seedlings were harvested. Soils were sampled, airdried, passed through a 2 mm mesh sieve, and kept for the experiments.
Sorption experiments. Batch experiments were used in all the experiments. A preliminary experiment showed that the equilibrium between Cd in solution and soils was reached after 24 h. Thus, a period of 24 h was set up as the equilibration time in those of sorption experiments.
One gram of soil was weighed and placed in a 50-mL centrifuge tube with a screw cap and 25 mL of 0.01 M CaCl 2 containing 0, 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, and 1.0 mM cadmium, as CdCI 2 , was added into the tubes. The suspensions were shaken at 2YC, 80 cycle min-I for 24 h on a reciprocal shaker and then centrifuged at 12,000 X 9 for 10 min. The supernatant was filtered through a No. 5C filter paper. The precipitate in the centrifuge tube was kept for the desorption experiments. Cadmium concentrations in the filtrates were analyzed by flame atomic absorption spectrometry.
The total amount of sorbed cadmium was calculated by the following equation:
where Q i is the amount of cadmium sorbed by soil (mmol kg-I), C i and C e are the metal concentrations (mM) in the initial and final solution, respectively, V is the volume of solution added (L) and W is the weight of air-dried soils (kg) .
In order to analyze the effect of pH increase of soils treated with PS on the sorption of cadmium by soils, another series of sorption experiments with different pH values of the soil suspension was carried out. Five pH values ranging from 4.0 to 8.0 at intervals of 1.0 pH were prepared by the addition of dilute HN0 3 or NaOH to each soil suspension and equilibration of the suspension for 24 h. The amounts of acid or alkali were determined previously. To minimize dilution errors, the amount of added acid or alkali was less than 1.0 mL. The details of this experiment are as follows. Soil samples (1 g) were put in a 50 mL centrifuge tube, 20 mL of a 0.01 M CaCl 2 solution and various amounts of dilute HN0 3 or NaOH were added. After the mixture was equilibrated for 24 h on a shaker, 5 mL of 0.05 mM CdCl 2 or 0.5 mM CdCl 2 in 0.01 M CaCl 2 was added to it. Then the mixture was equilibrated for 24 h again, and centrifuged. The supernatant was filtered through a No. 5C filter paper. The amount of cadmium concentration in the filtrate was also determined by flame atomic absorption spectrometry.
Desorption experiment. Desorption experiments were conducted after the first serious of sorption experiments. At the end of the sorption experiments, after the supernatants were separated, 25 mL of 0.01 M CaCl 2 was added to the centrifuge tube and mixed with the soil samples by shaking quickly for 1 min. Then the suspension was placed on the shaker and shaken for 24 h under the same conditions as those of sorption experiments, and centrifuged at 12,000 X 9 for 10 min. The supernatant was then filtered through a No. 5C filter paper. The amount of cadmium in filtrate was also determined by flame atomic absorption spectrometry. The amounts of Cd desorbed were calculated based on the Cd concentration in the filtrates.
RESULTS AND DISCUSSION

Cd sorption isotherms
The changes in the amount of Cd sorbed by the soils treated with different percentages of PS with the concentrations of cadmium in the solution are shown in Fig.  1 . The amount of cadmium sorbed by the soils increased with the increase concentrations of cadmium in the solution. Of the two soil types, the Andosol exhibited a much higher level of Cd sorption than the Alluvial soil. Presumably due to the higher contents of organic matter and clay in the Andosol. The PS treatment increased the amount of Cd sorbed by both soil types and the highest Cd sorption level was observed in the PS 2% treatment.
Langmuir model and Freundlich model are mostly used to describe heavy metal sorption by soils (Basta and Tab~tabai 1992a; Hinz and Selim 1994; Houng and Lee 1998; Shuman 1999) . Though the coefficients do not enable to describe the mechanisms, they can be used correctly to compare sorbents and system variables (Harter 1991) . Thus the sorption data were plotted with the following linear Langmuir model:
where q is the amount of cadmium sorbed (mmol kg-I) at Cd equilibrium concentration c (mmol L -I), k is a constant representing the binding strength between adsorbent and sorbent, and qm is the maximum sorption level (mmol kg-I) reflecting the sorption capacity.
All the ,.2 values in the linear Langmuir model were highly significant. As shown in Table 1 , the qm values for the untreated Andosol and Alluvial soil were 14.97 and 8.89 mmol kg-I, respectively. This showed that the sorption capacity of the Andosol was much higher than that of the sandy Alluvial soil. With the PS treatment, all the qrn values increased. When the percentage of PS was increased to 2.0%, the qm values for the Andosol and Alluvial soil were 24.51 and 16.79 mmol kg-I, respectively, suggesting that the PS treatment created more sorption sites, hence the higher sorption capacity of soils.
The k values of the Andosol were much higher than those of the Alluvial soil, which also implied that the Andosol showed a stronger affinity to cadmium than the Alluvial soil. For both soil types, the k values of the soils treated with PS were higher than those of the untreated soils, and the highest k values were also found in the soils treated with PS 2.0%. However, the extent of the increase of the k values between the two soil types was different. For the Andosol, the k values in the PS 0.5% and PS 2.0% treatments were 1.08 and 3.70 fold those in the absence of PS treatment, respectively. For the Alluvial soil, the k values of the PS 0.5% and PS 2.0% treatments were 5.07 and 19.9 fold those in absence of PS treatment, respectively. Thus, PS was more effective in the sandy Alluvial soil than in the Andosol.
Effect of pH on cadmium sorption by soils treated with PS
The results of Cd sorption by the soils with or without PS treatment at different pH values are shown in Fig. 2 . At the two initial cadmium concentrations, the amount of cadmium sorbed by the soils increased with the suspension pH. There was no obvious difference in the cadmium sorption between the soils with or without PS treatment.
Sorption is one of the most important chemical processes in soils. It determines the amounts of plant nutrients, metals, pesticides, and other organic chemicals that are retained by soils, and therefore is one of the primary processes that affect the transport of nutrients and contaminants in soils. It was reported the sorption in the soil was influenced by soil properties such as pH, CEC, and organic C content, hydrous Fe and Mn oxide contents, and clay content (Sparks 1995; Singh and Pandeya 1998) . Among these soil properties, the pH was one of 6,2.0% PS. the major factors influencing the behavior and the availability of heavy metals in soils. The strongly positive relationship between the soil pH and metal sorption has been well documented (Harter 1983; Elliott et al. 1986; Basta and Tabatabai 1992b; Filius et al. 1998; Gray et al. 1999) . The possible mechanisms include metal precipitation, metal hydrolysis followed by sorption of metal hydrolysis species, and competition of metal cations with protons for exchange sites. Although it was difficult to attribute the increase of sorption to any single mechanism in the soil system (Pardo 1997) , it is likely that the increase in cadmium sorption was due to the increase in the soil pH by the PS treatment (Table 2) .
Cd desorption Metals released from soils replenish the metals removed from soil solution by plants. Studies on the desorption of metals, particularly cadmium from soils have not been received much attention (Krishnamurti et al. 1999) . However, desorption is as important as the sorption process in soils. Figure 3 shows that the amounts of cadmium released from the Andosol and Alluvial soil were less than 42 and 67%, respectively, indicatly that the amount of cadmium desorbed from soils was very low compared with the amount of cadmium sorbed previously. A hysteresis between the sorption and desorption has been observed by other authors (Tran et al. 2002; Wang and Xing 2002) . This can be explained by the diffusion of trace metals within oxide particles or into micro-pores, precipitation, incorporation of metals into oxides, and re-adsorption (Wang and Xing 2002) .
With the PS treatment, the amount of cadmium desorption decreased. When the percentage of PS increased to 2%, the amount of cadmium desorption from the Andosol and Alluvial soil decreased from 12.4-41.1 to 1.7-13.6% and from 51.1-66.7 to 1.6-22.1 %, respectively. This indicates that the higher amount of PS, which is more effective in increasing the soil pH, resulted in a higher decrease of the availability of cadmium in soils, especially in sandy Alluvial soil.
Conclusion
Porous hydrated calcium silicate treatment, which raised the soil pH, also resulted in an increase in cadmium sorption by soils and a decrease in cadmium desorption from soils. With the increase percentage of PS, the amount of cadmium sorbed increased, while the amount of cadmium desorbed from soils decreased. The sorption data were well described by the linear Langmuir model.
The qm values (maximum sorption) of the Andosol and Alluvial soil treated with PS 2.0% were 24.51 and 16.79 mmol kg-I, respectively; while the k values (binding strength) were 18.89 and 13.79, respectively. In the PS 2.0% treatment, 1.7-13.6 and 1.6-22.1% of sorbed cadmium were desorbed from Andosol and Alluvial soil, respectively, which was much lower than those in the absence PS treatment. Therefore, PS appears to be an effective amendment to stabilize soil polluted with cadmium. Though cadmium sorption by soils increased with the increase of the pH value, there was no obvious difference in the cadmium sorption by soils with or without PS treatment at the same pH values. It is likely that the increase in cadmium sorption or decrease in cadmium desorption from soils was due to the increase of the soil pH by the PS treatment.
